Page 248

The Veliger, Vol. 45, No. 3

snail Helix aspersa Miiller. Journal of Molluscan Studies 62:
159-164.

FISHER, R. A. 1915. The evolution of sexual preference. Eugenics
Review 7:184-192.

FOwLER, K. & L. PARTRIDGE. 1989. A cost of mating in female
fruitflies. Nature 338:760-761.

GERHARDT, U. 1933. Zur Kopulation der Limaciden. Zeitschrift
fiir Morphologische Okologie der Tiere 27:401-450.

GERHARDT, U. 1935. Weitere Untersuchungen zur Kopulation der
Nacktschnecken. Zeitschrift fiir Morphologische Okologie
der Tiere 30:297-332.

GERHARDT, U. 1940. Neue biologische Nackschneckenstudien.
Zeitschrift fiir Morphologische Okologie der Tiere 36:557—
580.

GEtrTY, T. 1998. Reliable signaling need not be a handicap. An-
imal Behaviour 56:253-255.

Grusti. E & A. LEprI. 1980. Aspetti morfologici ed etologici
dell” accoppiamento in alcune specie della famiglia Helici-
dae (Gastropoda: Pulmonata) Atti Accademia Fisiocritici Si-
ena 11-71.

GiusTl, E & S. ANDREINL. 1988. Morphological and ethological
aspects of mating in two species of the family Helicidae
(Gastropoda: Pulmonata): Theba pisana Miiller and Helix
aperta Born. Monitore Zoologia Italiana (NS) 22:331-363.

GOoDDARD, C. K. 1962. Function of the.penial apparatus of Helix
aspersa Miiller. Australian Journal of Biological Sciences
15:218-232.

GRAEFE, G. 1962. Das Paarungsverhalten der Weinbergschnecke.
Natur und Museum 92:139-142.

GRAFEN, A. 1990a. Sexual selection unhandicapped by the Fisher
process. Journal of Theoretical Biology 144:473-516-546.

GRAFEN, A. 1990b. Biological signals as handicaps. Journal of
Theoretical Biology 144:517-546.

GraHAM, E, N. W. RuNnHAM & J. B. Forp. 1995. Riccardoella
limacis a parasite of Helix aspersa. P. 189 in A. Guerra, E.
Roldn & E Rocha (eds.), Abstracts of the Twelfth Interna-
tional Malacological Congress, Vigo, Spain. Feito: Vigo.

Haase, M. & B. BAur. 1995. Variation in spermathecal mor-
phology and storage of spermatozoa in the simultaneously
hermaphroditic land snail Arianta arbustorum (Gastropoda:
Pulmonata: Stylommatophora). Invertebrate Reproduction
and Development 28:33—-41.

HamiLToN, W. D. & M. Zuk. 1982. Heritable true fitness and
bright birds: a role for parasites? Science 218:384-387.
HarsuMaN, L. G., & T. PrRouT. 1994. Sperm displacement with-
out sperm transfer in Drosophlila melanogaster. Evolution

48:758-766.

HERZBERG, E & A. HERZBERG. 1962. Observations on reproduc-
tion in Helix aspersa. American Midland Naturalist 68:297—
306.

Horvann, E. 1923, Uber den Begattungsvorgang von Arianta
arbustorum L. Jena Zeitschrift der Naturwissenschaften 59:
363—400.

HoigkALA, A., J. Aspt & L. SuvaNTO. 1998. Male courtship song
frequency as an indicator of male genetic quality in an insect
species, Drosophila montana. Proceedings of the Royal So-
ciety London Series B 265:503-508.

HUNT, S. 1979. The structure and composition of the love dart
(gypsobelum) in Helix aspersa. Tissue and Cell Research
11:51-61.

Iwasa, Y., A. PoMIANKOWSKI & S. NEE. 1991. The evolution of
costly mate preferences. lI. The “handicap” principle. Evo-
lution 45:1431-1442.

JEPPESEN, L. L. 1976. The control of mating behaviour in Helix

pomatia L. (Gastropoda: Pulmonata). Animal Behaviour 24:
275-290.

KOENE, J. M. & R. CHASE. 1998a. The love dart of Helix aspersa
Miiller is not a gift of calcium. Journal of Molluscan Studies
64:75-80.

KOENE, J. M. & R. CHASE, 1998b. Changes in the reproductive
system of the snail Helix aspersa caused by mucus from the
love dart. Journal of Experimental Biology 201:2313-2319.

KoNDRASHOV, A. S. 1988. Deleterious mutations as an evolu-
tionary factor. IIl. Mating preference and some general re-
marks. Journal of Theoretical Biology 131:487-496.

KOTHBAUER, H. 1988. Uber Liebespfeile, Schnecken und Welt-
bilder. Annalen Naturhistorischem Museum Wien 90B:163—
169.

LANDOLFA, M. A., D. M. GREEN & R. CHASE. 2001. Dart shooting
influences paternal reproductive success in the snail Helix
aspersa (Pulmonata, Stylommatophora). Behavioral Ecology
12:773-777.

LaNGLols, T. 1965. The conjugal behavior of the introduced Eu-
ropean giant garden slug Limax maximus as observed on
South Bass Island, Lake Erie. Ohio Journal of Science 65:
208-304.

LEONARD, J. L. 1991. Sexual conflict and the mating systems of
simultaneously hermaphroditic gastropods. American Mal-
acological Bulletin 9:45-58.

LEONARD, J. L. 1992. The ‘“love-dart’ in helicid snails: a gift of
calcium or a firm commitment? Journal of Theoretical Bi-
ology 159:513-521.

Lwp, H. 1973. The functional significance of the spermatophore
and the fate of spermatozoa in the genital tract of Helix
pomatia (Gastropoda: Stylommatophora). Journal of Zool-
ogy (London) 169:39-64.

LinD, H. 1976. Causal and functional organization of the mating
behaviour sequence in Helix pomatia (Pulmonata: Gastro-
poda). Behaviour 59:162-202.

LinD, H. 1988. The behaviour of Helix pomatia L. (Gastropoda,
Pulmonata) in a natural habitat. Vidensk Meddr dansk naturh
Foren 147:67-92.

LirToN, C. S. & J. MURRAY. 1979. Courtship of land snails of
the genus Partula. Malacologia 19:129-146.

LOCHER, R. & B. BAUR. 2000. Sperm delivery and egg produc-
tion of the simultaneously hermaphroditic land snail Arianta
arbustorum exposed to an increased sperm competition risk.
Intervertebrate Reproduction and Development 38:53—60.

Lunp, J. P. 1971. Undersogelser af motiverende fakorer for par-
rings- og aeglaegningsadfaerden samt styring af aeglaeg-
ningsadfaerden hos Helix pomatia (Pulmonata: Gastropoda).
M.Sc. thesis, University of Copenhagen. 53 pp.

MEISENHEIMER, J. 1907. Biologie, Morphologie und Physiologie
des Begattungsvorgangs und der Eiablage von Helix poma-
tia. Zoologisches Jahrbuch Abteilung fiir Systematik, Geo-
graphie und Biologie der Tiere 25:461-502.

MEISENHEIMER, J. 1912. Die Weinbergschnecke Helix pomatia L.
Verlag von Dr. Werner Keinkhardt: Leipzig. 140 pp.

MicHiELS, N. K. 1998. Mating conflicts and sperm competition
in simultaneous hermaphrodites. Pp. 219-254 in T. R. Birk-
head & A. P. Moller (eds.), Sperm Competition and Sexual
Selection. Academic Press: London.

MORAND, S. 1988. Cycle évolutif de Nemhelix bakeri Morand et
Petter (Nematoda: Cosmocercinae) parasite de I’appareil
génital de Helix aspersa (Gastropoda: Helicidae) Canadian
Journal of Zoology 66:1796-1802.

MORAND, S. 1989. Influence du nématode Nemhelix bakeri Mor-
and et Petter sur la reproducion de 1’escargot-hote Helix as-



M. A. Landolfa, 2002

Page 249

persa Miiller. Comptes Rendus Academie Science Paris 309:
211-214.

MOoULIN, D. 1980. Observations sur la reproduction en elevage
de I'escargot petit-gris (Helix aspersa) de France (Norman-
die). Haliotis 10:95-99.

MURRAY, J. 1964. Multiple mating and effective population size
in Cepaea nemoralis. Evolution 18:283-291.

PARTRIDGE, L. 1980. Mate choice increases a component of off-
spring fitness in fruit flies. Nature 283:290-291.

PERROT, J. 1938. La confection du nid e la ponte chez 1'Helix
pomatia. Revue Suisse Zoologie 45:221-235.

PETERSEN, K. E. 1971. Parringsadfaerd hos Cepaea hortensis og
Cepaea nemoralis med diskussion af isolationsmekanismer
mellem de to arter (Gastropoda: Pulmonata: Helicidae).
M.Sc. thesis, University of Copenhagen. 66 pp.

PoMIaNKOWSKI, A. N. 1988. The evolution of female mate pref-
erences for male genetic quality. Oxford Surveys of Evo-
lutionary Biology 5:136-184.

Quick, H. E. 1946. The mating process in Arion hortensis, Fér-
ussac, and in Arion subfuscus, Draparnaud. Journal of Con-
chology 22:178-182.

REIscHUTZ, P. L. 1978. Zwei eingeschleppte Schneckenarten in
Wien-Simmering. Mitteilungen Zoologischer Gesellschaft
Braunau 3:95-102.

REISE, H. 1995. Mating behaviour of Deroceras rodnae Grossu
& Lupu, 1965 and D. praecox Wiktor, 1966 (Pulmonata:
Agriolimacidae). Journal of Molluscan Studies 61:325-330.

ROGERS, D. & R. CHASE. 2001. Dart receipt promotes sperm stor-
age in the garden snail Helix aspersa. Behavioral Ecology
and Sociobiology 50:122-127.

RyaN, M. J. 1990. Sexual selection, sensory systems and sensory
exploitation. Oxford Surveys in Evolutionary Biology 7:
157-195.

RymzHaNov, T. S. & A. A. ScHiLEYKO. 1991. Courtship and
mechanism of copulation in Deroceras caucasicumn (Sim-
roth) (Gastropoda: Pulmonata) in the conditions of Zailijski
Range. Bulletin of the Moscow Society of Naturalists 96:
89-95.

SLATKIN, M. 1978. Spatial patterns in the distribution of poly-
genic characters. Journal of Theoretical Biology 70:213-
228.

SzYMANSKI, J. S. 1913. Ein Versuch, die fiir das Liebesspiel char-
akteristischen Korperstellungen und Bewegungen bei der

Weinbergschnecke kiinstlich hervorzurufen. Pfliiger’s Archiv
149:471-482.

TAYLOR, J. W. 1914. Monograph of the Land and Freshwater
Mollusca of the British Isles: Zonitidae, Endodontidae, Hel-
icidae. Taylor Brothers: Leeds. 498 pp.

Tuompson, T. E. 1973. Euthyneuran and other molluscan sper-
matozoa. Malacologia 14:167-206.

TISCHLER, W. 1973. Zur Biologie und Okologie der Weinbergsch-
necke (Helix pomatia). Faunistischen und Okologischen
Mitteilungen 4:283-299.

Towmpa, A. S. 1980. The ultrastructure and mineralogy of the dart
from Philomycus carolinianus (Pulmonata: Gastropoda)
with a brief survey of the occurrence of darts in land snails.
The Veliger 23:35-42.

Tompa, A. S. 1982. X-ray radiographic examination of dart for-
mation in Helix aspersa. Netherlands Journal of Zoology 32:
63-71.

Tompa, A. S. 1984. Land snails (Stylommatophora) Pp. 47-140
in A. S. Tompa, N. H. Verdonk & J. A. M. van den Biggelaar
(eds.), The Mollusca. Vol 7. Reproduction. Academic Press:
London.

WEBB, G. R. 1948. Notes on the mating of some Zonitoides (Ven-
tridens) species of land snails. American Midland Naturalist
40:453-461.

WEBB, G. R. 1950. Comparative study of mating in two species
of arionid mollusks. Journal of Entomology and Zoology 42:
28-37.

WEBB, G. R. 1951. An instance of amixia between two species
of landsnails. American Naturalist 85:137-139.

WEBB, G. R. 1952. Pulmonata: Helminthoglyptidae. Sexological
data on the landsnails Cepolis maynardi and Helminthoglyp-
ta traski fieldi and their evolutionary significance. Gastro-
podia 1 (4/5):31-44.

WEBB, G. R. 1968. Observations on the sexology of Philomycus
carolinianus Bosc. Gastropodia 1:62.

WELCH, A. M., R. D. SEmMLITSCH & H. C. GERHARDT. 1998. Call
duration as an indicator of genetic quality in male gray tree
frogs. Science 280:1928-1930.

ZAHAVI, A. 1975. Mate selection—a selection for a handicap.
Journal of Theoretical Biology 53:205-214.

ZAHAVI, A. 1977. The cost of honesty (further remarks on the
handicap principle). Journal of Theoretical Biology 67:603—
605.

ZAHAVL, A. & A. ZAaHAVI. 1997. The Handicap Principle: A Miss-
ing Piece of Darwin’s Puzzle. Oxford University Press: Ox-
ford. 286 pp.




THE VELIGER

© CMS, Inc., 2002
The Veliger 45(3):250-255 (July 2, 2002)

Identical Carbonic Anhydrase Contributes to Nacreous or Prismatic Layer
Formation in Pinctada fucata (Mollusca: Bivalvia)

T. MIYASHITA*, R. TAKAGI, H. MIYAMOTO anp A. MATSUSHIRO

Department of Genetic Engineering, Faculty of Biology-Oriented Science and Technology, Kinki University,
Uchitacho, Wakayama 649-6433. Japan

Abstract.  We have found a carbonic anhydrase (CA) in the prismatic layer of Pinctada fucata. This CA has the
same kinetic properties as Nacrein, which is a CA existing in the nacreous layer of Pinctada fucata. We have examined
the effects of inhibitors on the enzyme activity. Sodium sulfide and sulfanilamide are typical inhibitors of various types
of CA; however, a CA in the prismatic layer and Nacrein were found to be resistant to sodium sulfide and to show a
weak resistance to sulfanilamide. This is the first report of a carbonic anhydrase with resistance to sodium sulfide. The
molecular mass of the prismatic layer CA was estimated by SDS-PAGE to be approximately 60 kDa. Moreover, we
have determined the N-terminal amino acid sequence of a CA in the prismatic layer. The sequence of the first 11 amino
acids was in agreement with that of Nacrein, as deduced from the cDNA sequence. From these results, we have concluded
that the carbonic anhydrase of the prismatic layer is Nacrein. Nacrein contributes to the formation of a prismatic layer

as well as a nacreous layer of mollusk shells as a carbonic anhydrase and is a matrix component.

INTRODUCTION

Calcite, aragonite, and vaterite are crystal polymorphisms
of calcium carbonate in biomineralization (Lowenstam,
1981; Lowenstam & Weiner, 1989). Of these, calcite is
the most stable, and vaterite is the most unstable. Ara-
gonite 1s slightly less stable than calcite at ambient tem-
perature, but is widespread in marine organisms. Mollusk
shells are composed of aragonite and/or calcite, and the
organic matrix comprises 0.01-5% by weight of the
shells. In the case of the pearl oyster Pinctada fucata
(Gould, 1850), the outer prismatic layer contains calcite,
and the inner nacreous layer contains aragonite. These
layers contain organic matrix secreted by the mantle ep-
ithelia. The organic matrix consists of EDTA-soluble and
insoluble proteins (Hare, 1963; Watabe, 1984; Mann,
1988). The formation of the two types of crystal is reg-
ulated by the matrix protein constituents. Some of them
play an important role in the chemical control of crystal
polymorphisms (Belcher et al., 1996; Falini et al., 1996;
Samata et al., 1999).

It has been suggested that carbonic anhydrases (CA)
that catalyze the interconversion of CO, + H,O = HCO;
+ H* participate in the process of calcification (Benesch,
1984; Kakei & Nakahara, 1996) and mollusk shell for-
mation (Wilbur & Jodrey, 1955; Freeman, 1960; Meda-
kovic & Lucu, 1994). It is believed that the CA of mantle

*To whom correspondence should be addressed: Department
of Genetic Engineering. Faculty of Biology-Oriented Science and
Technology. Kinki University, Uchitacho, Nagagun, Wakayama
649-6433, Japan, Telephone: 0736-77-3888, Fax: 0736-77-4754,
e-mail: miyasita@ gene.waka.kindai.ac.jp

epithelium facilitates the secretion of HCO;~ for this cal-
cification (Boer & Witteveen, 1980). We have already
shown that a 60 kDa protein called Nacrein, which ex-
hibits CA activity, exists in the EDTA-extract of the na-
creous layer of oyster pearls (Miyamoto et al., 1996). Na-
crein is an important factor in calcium carbonate crystal-
lization, acting as a structural protein and a catalyst that
provides the carbonate ion. We predicted that a Nacrein-
like protein also participates in formation of the prismatic
layer. Based on the results of the present study, we have
now identified and characterized a CA in the EDTA-ex-
tract of the prismatic layer of Pinctada fucata. Here we
report the biochemical properties of prismatic layer CA
and discuss the function of CA in biomineralization.

MATERIALS anp METHODS
Isolation of EDTA-Soluble Proteins

The prismatic layer was separated by cutting the shell
edges with scissors. After the removal of epiphytes, the
shell was crushed to a fine powder. The powdered shell
(20 g) was extracted with 100 mL of 0.5 M EDTA (pH
8.0) with continuous stirring for 3 days at room temper-
ature. The EDTA-soluble fraction was isolated from the
insoluble matrix by centrifugation at X30,000 g for 20
min. The supernatant (80 mL) was dialyzed against 3 li-
ters of H,O with three changes. The dialyzed fraction
(300 mL) was lyophilized and then dissolved in 10 mL
of 10 mM Tris-HC1 (pH 8.0). The sample was dialyzed
against 10 mM Tris-HC1 (pH 8.0), followed by concen-
trated. Preparation of the EDTA-soluble extract of the
nacreous layer of Pinctada fucata is the same as de-
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scribed above. The amount of protein was determined by
using Protein Assay Dye Reagent (Bio-Rad).

Carbonic Anhydrase (CA) Assay

The assay of carbonic anhydrase activity was per-
formed as described by Miyamoto et al. (1996). Six drops
of phenol red, 3 mL of 20 mM Veronal buffer (pH 8.3),
and 20-200 pL of the test-material-containing solution
were mixed and placed in ice water. The reaction was
started by the addition of 2 mL of ice-cold water saturated
with CO,, and then the time for the pH to drop to 7.3
was measured. Definition of units is as follows: unit =
(T, — T)/T, where T and T, are the reaction times required
for the pH change from 8.3 to 7.3 at 0°C with and without
a catalyst, respectively. Assay of enzyme activity in the
presence of inhibitor was carried out as follows: all re-
agents in the assay mixture except the substrate were pre-
mixed in the reaction vessel for 10 min at 0°C. The re-
action was started by the addition of the substrate.

SDS-Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

Proteins were subjected to sodium dodecylsulfate
(SDS) polyacrylamide gel electrophoresis on 10% acryl-
amide gels, as described by Laemmli (1970).

N-Terminal Amino Acid Determination

Proteins of the EDTA-soluble fraction were separated
by 10% SDS-PAGE and were blotted onto a PVDF mem-
brane (Millipore) using a dry blotting system (Nippon
Eido). After Ponceau S staining, the band was cut out and
then subjected to N-terminal amino acids sequence anal-
ysis.

DEAE-Sephacel Column Chromatography

Approximately 20 mg of the soluble fraction of the
prismatic layer was loaded onto a DEAE-Sephacel (Phar-
macia) ion-exchange column (10 X 1.5 cm) equilibrated
with 10 mM Tris-HCI (pH 8.0). After washing the column
with § mL of 10 mM Tris-HCI (pH 8.0), the soluble frac-
tion was chromatographed in the same buffer at a flow
rate of 8 mL/h using a liner 0-0.8 M NaCl gradient. Frac-
tions of 2 mL were collected, and carbonic anhydrase
activity was assayed. The fractions containing carbonic
anhydrase (Fraction Number 31-40) were pooled and
then dialyzed for 10 mM Tris—HC] (pH 8.0), followed by
concentration to 1 mL.

Gel Filtration Chromatography

The concentrated sample was chromatographed over a
Cellulofine GCL-300 sf (Seikagaku Kogo Co.) column
(95 X 1.5 cm) equilibrated with 10 mM Tris-HCI (pH
8.0) containing 0.2 M NaCl at a flow rate of 12 mL/hr.
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Figure 1. Comparison of SDS-PAGE Pattern of EDTA-soluble
proteins extracted from the nacreous and prismatic layers of
Pinctada fucata. 10 pg of proteins were subjected to 10% SDS-
PAGE. Lane N, EDTA-soluble proteins were extracted from the
pearl nacreous layer. Lane P, EDTA-soluble proteins were ex-
tracted from the prismatic layer. Lane M, Protein markers (GIB-
CO BRL).

Fractions of 1.2 mL were collected, and carbonic anhy-
drase activity was assayed. Each fraction containing car-
bonic anhydrase was dialyzed separately for 10 mM Tris-
HCI (8.0) followed by concentration to approximately
100 L. To examine the purity, 20 pL of the concentrated
fractions was subjected to 10% SDS-PAGE.

RESULTS

The protein components of the EDTA-soluble fraction in
the prismatic layer were compared with those of the na-
creous layer. Proteins were loaded onto 10% SDS-PAGE.
The molecular mass of the major protein was approxi-
mately 60 kDa in both layers (Figure 1). The 60 kDa
protein of the nacreous layer is Nacrein (Miyamoto et al.,
1996).

We assayed the carbonic anhydrase (CA) activity in the
soluble fraction extracted from the prismatic layer. Bo-
vine erythrocyte CA and Nacrein in the soluble fraction
of the nacreous layer showed notable CA activity (Table
1). The soluble fraction extracted from the prismatic layer
also contained CA activity. Although the specific activity
was relatively lower than that of bovine erythrocyte CA,
it was almost the same as that of Nacrein. The velocity
of the enzyme reaction was increased 2 times by using a
twofold amount of enzyme. A large amount of Bovine
Serum Albumin (BSA). which has no enzyme activity,
and a heat-inactivated soluble fraction showed no CA ac-
tivity. These results indicate the presence of carbonic an-
hydrase in the soluble fraction extracted from the pris-
matic layer of Pinctada fucata.

We next examined the effects of inhibitors on the CA
activity. Sodium sulfide and sulfanilamide are typical in-
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Table 1

Assay of carbonic anhydrase activity of the EDTA-soluble fraction extracted from the prismatic layer of Pinctada fucata.

Amount used T Specific activity

Sample for assay (mg) (sec) (units/mg)
= s 410 (= Ty) —_
BSA! 6 430 —
BECA*® 0.3 50 2.4 X 10*
Soluble fraction (nacreous layer) (Nacrein) 3 40 33 X 10°
Soluble fraction (prismatic layer) 1S 100 2.1 X 10?
Soluble fraction (prismatic layer) 50 2.1 X 10°
Soluble fraction (prismatic layer) (heat-inactivated) 3 400 —

! BSA: Bovine serum albumin.
2 BECA: Bovine erythrocyte carbonic anhydrase.

hibitors of various types of carbonic anhydrases (Val,
1996). The activity of bovine erythrocyte CA was almost
inhibited by these inhibitors (Table 2), as reported pre-
viously (Kiese & Hasting, 1940; Davenport, 1945). How-
ever, Nacrein was resistant to sodium sulfide and showed
weak resistance to sulfanilamide. These results were iden-
tical to those for the prismatic layer CA.

To purify the carbonic anhydrase in the prismatic layer,
we performed column chromatography. After DEAE-Se-
phacel column chromatography, the concentrated sample
was passed through a Cellulofine GCL-300 sf column
(Figure 2). Each fraction containing an enzyme activity
was dialyzed separately for 10 mM Tris-HCI (8.0) and
then concentrated to approximately 100 pL. To examine
the purity, the concentrated fractions were applied to 10%
SDS-PAGE. Fraction number 35 showed a single protein
band that was almost homogeneous (Figure 3). The pro-
tein had an approximate molecular mass of 60 kDa. Frac-
tion number 39 contained a larger amount of the 60 kDa
protein than that of fraction 35 as well as a large amount
of contamination which had an approximate molecular

mass of 40 kDa. However, the total enzyme activity of
this fraction was approximately 1.7 times greater than that
of fraction 35. From these results, we conclude that the
approximate molecular mass of the prismatic layer CA is
60 kDa.

We have determined the N-terminal amino acid se-
quence of the 60 kDA protein. The sequence of the first
11 amino acids agreed with that of Nacrein as deduced
from the cDNA sequence (Figure 4).

DISCUSSION

Carbonic anhydrase (CA) is a ubiquitous enzyme existing
in every tissue and cell type. Various isozymes of CA are
now known (Tashian, 1989; Henry, 1996) and play an
important role in acid-base balance, ion transport, main-
tenance of ionic concentration, and modulation of he-
moglobin O, affinity (Cameron, 1979; Henry, 1984; For-
ster et al., 1986). CA also participates in biomineraliza-
tion, and it is well known that CA is an essential enzyme
of calcification (Wilbur & Jodrey, 1955: Freeman, 1960;

Table 2

Comparison of the effects of inhibitors on the activity of carbonic anhydrases. CA activity was expressed as a percentage
of the activity in the absence of inhibitor.

Used amount

Relative activity inhibitor

Sample for assay (mg) = Sodium sulfide Sulfanilamide

BECA* 1 100

1 11

1 2
Nacreous layer soluble fraction (Nacrein) 1.5 100

1.5 100

1.5 48
Prismatic layer soluble fraction 1.5 100

1.5 100

1.5 40

* BECA: Bovine erythrocyte carbonic anhydrase.
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Figure 2. Cellulofine GCL-300 st chromatographic profile of CA-containing fractions obtained from a DEAE-Sephacel column chro-
matography. Solid line, absorbance at 280 nm; dashed line, enzyme activity.

Bore & Witteveen, 1980). The mantle of the mollusk shell
contains CA activity (Medakovic & Lucu, 1994; Freeman
& Wilbur, 1948). We have recently identified the carbonic
anhydrase named Nacrein in the EDTA-soluble matrix of
the nacreous layer in oyster pearls and have isolated its
cDNA (Miyamoto et al., 1996). Based on the amino acid
sequence, Nacrein appears to contain two functional do-
mains, one a carbonic anhydrase domain and the other a
Gly-Xaa-Asn (Xaa = Asp, Asn, or Glu) repeat domain.
It has been assumed that Nacrein contributes to the for-
mation of HCO,™ ions in calcification, and functions as a
matrix component of aragonite crystal. The prismatic lay-
er contains calcite, which is another polymorphism of
CaCOs, in addition to aragonite of the nacreous layer. We

Figure 3. SDS-PAGE electrophoretic pattern of CA-containing
fractions. Lane M, Perfect Protein™ Markers (Novagen). Lanes
1 and 2 correspond to the fraction numbers of 35 and 39, re-
spectively.

therefore assumed that the prismatic layer contains a car-
bonic anhydrase that differs from Nacrein, and that this
enzyme contributes to calcite formation.

We have identified in the present study a carbonic an-
hydrase in the extract of the prismatic layer of Pinctada
fucta. The specific activity was found to be relatively
lower than that of bovine erythrocyte CA and almost the
same as that of Nacrein.

Sodium sulfide and sulfanilamide are well known in-
hibitors of CAIIl (Davis, 1959, 1961). The carbonic an-
hydrase in the prismatic layer was found to be resistant
to sodium sulfides and to have weak resistance to sulfa-
nilamide. These results are almost the same as those for
Nacrein. This is the first report, however, of a carbonic
anhydrase resistant to sodium sulfide. The mechanism of
resistance to sodium sulfide is unknown.

To determine the molecular mass of carbonic anhy-
drase in the prismatic layer we further purified the protein

A
1 2 3 4 5 6 7 8 9 10 11
A (SSMFKHUDHYMD

B
1 2 34 5 6 7 8 9 1011
A S MF KHUDHYMD

Figure 4. Sequence alignment of the N-teminal of the prismatic
layer CA with Nacreion. A. Prismatic layer CA. B. Nacrein. The
amino acid in parentheses is uncertain.



